. Thus, the AIR-2, is not required for sister chromatid separation, but it is required for chromosome segregation. Conformation and destruction of the ties that bind sisters together are well characterized. Less well understood is densin recruitment during metaphase requires AIR-2; however, condensin functions during prometaphase, inthe mechanism by which microtubules emanating from each pole of the mitotic spindle manage to attach to dependent of AIR-2. During metaphase, AIR-2 promotes chromosome congression to the metaphase plate, perone and only one of the kinetochores on the two sister chromatids. haps by inhibiting attachment of chromatids to both spindle poles. During meiosis in AIR-2-depleted ooDuring meiosis, the arrangement of chromosomes on the meiotic spindle is radically different from the situacytes, congression of bivalents appears normal, but segregation fails. Localization of AIR-2 on meiotic bivation during mitosis. One critical difference is that bivalents, homologous chromosomes linked as a conselents suggests this kinase promotes separation of homologs by promoting the loss of cohesion distal to the quence of meiotic crossover, are aligned on the spindle rather than pairs of sister chromatids. Thus, bivalents single chiasma. Inactivation of the phosphatase that antagonizes AIR-2 causes premature separation of are arranged with one pair of sister chromatids facing one spindle pole and the other, homologous pair facing chromatids during meiosis I, in a separase-dependent the other spindle pole. Second, the linkage between the reaction. two kinetochores of homologous chromosomes is less Conclusions: Aurora B functions to resolve chiasmata direct than is the case in mitotic chromosomes; it is during meiosis I and to regulate kinetochore function mediated by chiasmata that can be many megabases during mitosis. Condensin mediates chromosome conaway. Third, during mitosis, sister chromatid cohesion densation during prophase, and condensin-indepenis lost synchronously upon anaphase onset along the dent pathways contribute to chromosome condensation entire length of the chromosome, whereas, during meioduring metaphase.
Figure 1. Mitotic Chromosome Segregation but Not Sister Chromatid Separation Requires AIR-2
(A) Loss of AIR-2 activity during mitosis causes a complete failure in chromosome segregation. Wild-type, air-2(RNAi), or air-2(or207ts) embryos expressing GFP-histone H2B were imaged during the first cell cycle. In air-2(RNAi) embryos, meiosis and mitosis are defective, and the female pronucleus is hypercondensed (arrowhead). In air-2(or207ts) mutant embryos, polar bodies (arrow) are extruded normally, but, during mitosis, chromosomes fail to become organized onto a well-ordered metaphase plate, although chromosome condensation is observed. During anaphase, the chromatin is stretched along the axis of the spindle, but no chromosome segregation occurs. (B) Wild-type or air-2(or207ts) embryos were fixed and processed for FISH using a 5S rDNA probe. In both wild-type and mutant embryos, four discrete FISH signals can be observed in anaphase embryos, indicating that sister chromatid cohesion is lost.
ture-sensitive mutant, air-2(or207ts), was used [30] . This Thus, the air-2(or207ts) allele is well suited for analysis of the role of AIR-2 in mitotic chromosome segregation. mutant has a highly penetrant defect in mitotic chromosome segregation but has no defect in meiosis. ChromaIn principle, air-2(or207ts) embryos may fail to separate sister chromatids due to a failure to resolve sister chrotin behavior in air-2(or207ts) embryos was monitored using GFP-histone H2B during the first cell cycle (Figure matid cohesion. To test this possibility, embryos were shifted to the nonpermissive temperature and analyzed 1A). The initial appearance of the pronuclei was normal, and the pronuclei met at the appropriate time and posiby FISH using a probe specific for the 5S rDNA repeats. In both wild-type and air-2(or207ts) embryos in early to tion. The first defect observed was that the metaphase plate was not well organized, and chromosomes failed late anaphase, four individual FISH signals were observed [wt 6/7; air-2(or207ts) 9/9] ( Figure 1B ). Although to noticeably separate from one another. As an alternative approach, worms were depleted of AIR-2 by dsRNAi chromosome segregation fails, homologous sequences can separate from one another. We conclude that sister (administered by feeding), and, prior to the onset of the meiotic phenotypes, embryos were observed that were chromatid cohesion is resolved, at least partially. defective in mitotic chromosome segregation and cytokinesis. In these embryos, the mitotic segregation defect AIR-2 Is Required for Condensin Binding in Metaphase was indistinguishable from that seen with air-2(or207ts) (data not shown). These data indicate that AIR-2 is esRecent reports suggest that, in both Drosophila and S. pombe, one function of the aurora B complex is to recruit sential for mitotic chromosome segregation. the condensin complex to chromosomes [13, 21]. We accounted for by the failure to recruit condensin, we tested whether a similar dependency exists in nemaused RNAi to individually deplete embryos of MIX-1 and todes, using RNAi to deplete embryos of AIR-2. We SMC-4, the nematode orthologs of SMC-2 and SMC-4 found that condensin recruitment, as judged by an antiin other organisms. MIX-1 has been implicated in chrobody directed against MIX-1, one of the SMC family mosome condensation, but it has an additional role in members, was AIR-2 dependent (Figure 2A) . In 25/28 dosage compensation [28] . We performed live cell imwild-type embryos in metaphase or anaphase of the first aging of histone GFP to follow chromatin behavior in or second mitosis, chromatin-associated MIX-1 staining embryos depleted of MIX-1 or SMC-4. Condensin deplewas observed. However, MIX-1 was found on chromatin tion by RNAi of either of these two subunits caused in only 1/18 air-2(RNAi) embryos during metaphase or identical phenotypes that did not become more severe anaphase of the first division. Cell cycle staging and after 15 hr postinjection, suggesting that the observed antibody accessibility was evaluated by the appearance phenotypes reflect a strong loss-of-function phenotype. of the chromatin labeled with antibodies directed Depleting both subunits simultaneously had no addiagainst histone H1. During the first two cell cycles, tional phenotypes (data not shown). Additionally, mixsignificant recruitment of MIX-1 on chromatin is only 1(RNAi) embryos were depleted of detectable MIX-1 observed in metaphase and anaphase, though our func-(data not shown). Since the condensin complex has tional studies suggest that condensin probably associbeen implicated in chromosome condensation [31] , we ates with chromatin during prophase (see below). These were surprised to see that oocytes lacking condensin data are consistent with a model in which AIR-2 proformed normally condensed meiotic bivalents, and, motes chromosome segregation by recruiting the conupon fertilization, the embryos complete meiosis nordensin complex. mally ( Figure 2B spanned the length of the spindle (arrow, Figure 2B ). to some but not all of the chromosome segregation defect in air-2(or207ts) mutant embryos. It is also possiQuantitative analysis of the chromatin reveals that the air-2(or207ts) phenotype is clearly distinct from that of ble that the pool of condensin that is recruited in metaphase does not play a critical role. In addition, these smc-4(RNAi) and mix-1(RNAi). Chromosome segregation is much more defective in air-2(or207ts) embryos as data indicate that the condensin complex seems not to be the sole cellular activity that induces chromosome compared to smc-4(RNAi) embryos ( Figure 2C ), since, in air-2(or207ts), two distinct DNA masses are not obcondensation. served during anaphase.
Although extensive chromosome condensation is apSister Kinetochores Do Not Orient Properly in air-2(or207) Mutant Embryos parent in metaphase in condensin-depleted embryos, when earlier phases of the cell cycle were assessed, a
The failures in mitotic chromosome segregation observed in air-2(or207ts) mutant embryos are not an indidramatic defect was observed. In wild-type embryos, significant chromosome condensation occurs prior to rect consequence of the meiotic defect, nor are they caused by defects in resolution of sister chromatid conuclear envelope breakdown (NEBD); indeed, individual chromosomes can be observed. In contrast, individual hesion. Likewise, these defects cannot be fully attributed to the failure to recruit condensin. Therefore, we chromosomes cannot be seen in condensin-depleted embryos ( Figures 3A and 3B) . Importantly, air-2(or207ts) investigated whether individual sister chromatids might attach to both spindle poles. Given that C. elegans chroembryos are not obviously defective in chromosome condensation prior to prophase. Quantitative measuremosomes are holocentric, there are sufficient microtubule attachment sites on each chromosome that this ments of the extent of chromosome condensation/individualization reveal that chromosomes become progrespossibility cannot be discounted. In wild-type embryos, HCP-3, the CENP-A ortholog, is concentrated on the sively condensed and discernible as discrete objects through prophase. This process is largely completed by poleward face of chromosomes during metaphase and anaphase [32] . The thread-like HCP-3 staining pattern NEBD in both wild-type and air-2(or207ts) embryos. In contrast, in embryos depleted of condensin subunits, along the length of the chromosomes is thought to represent diffuse kinetochores. In 5/5 metaphase wild-type chromosome condensation initiates only upon NEBD. Thus, although accumulation of condensin on chromatin embryos, the metaphase plate was flanked by two distinct threads of HCP-3 staining ( Figure 4A ). However, in is AIR-2 dependent during metaphase, this may not reflect the stage at which condensin is maximally active. 4/4 metaphase air-2(or207ts) embryos, the metaphase plate was disorganized and HCP-3 staining elements Condensin is clearly active during prophase, and this activity appears AIR-2 independent. distributed throughout the chromatin ( Figure 4A ). During anaphase, in wild-type embryos, the segregating DNA These data indicate that the failure to recruit condensin to chromatin during metaphase might contribute is associated with HCP-3 staining, again concentrated teractions were observed in air-2(or207ts); hcp-3(RNAi) on the poleward face of the chromatin ( Figure 4A ). In mutant embryos ( Figure 4D) ; due to the absence of all air-2(or207ts) embryos, HCP-3 was distributed throughsuch interactions, the chromatin masses from the materout the elongated mass of chromatin. Since condensin nal and paternal pronuclei remain apart, and no segregarecruitment during metaphase is AIR-2 dependent, we tion occurs at all. We conclude that AIR-2 does not also examined the distribution of HCP-3 in embryos prevent illicit associations between chromatin and midepleted of the condensin subunit MIX-1. Although crotubules. chromatin is poorly condensed at the moment of NEBD We have investigated several possibilities that might in condensin-depleted embryos, by metaphase, the account for the complete failure of chromosome segrechromatin in these embryos is quite highly ordered, but gation in air-2(or207ts) mutant embryos, including a fail-HCP-3 staining is not restricted to the poleward faces ure to resolve sister chromatid cohesion, defects in conof the metaphase plate. However, by anaphase in mixdensin recruitment, defects in kinetochore resolution, 1(RNAi) embryos, kinetochores appear nearly as well and illicit microtubule attachment to kinetochores. Our organized as in wild-type embryos. These data indicate data suggest that none of these possibilities are suffithat the defect in the organization of kinetochores in cient to completely account for this phenotype. One air-2 mutant embryos is not likely due to the failure to alternative cause of this defect is that each sister chrorecruit condensin.
matid becomes attached to both spindle poles, i.e., Bi-orientation of chromosomes on the metaphase merotelic attachments. In metaphase in air-2(or207ts) plate appears to result, at least in part, from the organimutant embryos, chromosomes can be seen to be zation of the kinetochores, a process that occurs during aligned along the axis of the spindle, which would be prophase in wild-type embryos. In interphase, each consistent with this defect (arrowheads, Figure 4B ). chromosome is initially associated with a single line of HCP-3 staining which becomes resolved into two lines AIR-2 Is Required for Meiotic of staining during prophase prior to NEBD; this process Chromosome Segregation has been termed sister kinetochore resolution [33] . We
The fully penetrant air-2(RNAi) phenotype is characterfirst examined whether kinetochore resolution is comized by meiotic chromosome segregation defects in adplete by prometaphase in air-2(or207ts) mutant emdition to the mitotic defects discussed above. the chromatin was stretched along the cell cortex but densin-depleted embryos are highly disorganized in separate masses of chromatin were not generated. This metaphase yet become ordered by anaphase, a degree stretching phase was followed by recondensation to a of order can be imposed on kinetochores during metametaphase plate containing six individual structures, phase. Thus, the delay in kinetochore organization seen presumably unseparated bivalents. After a delay that in air-2(or207ts) embryos at prophase is unlikely to be corresponded to the interval between meiosis I and II, the sole reason why they fail to become ordered during the chromatin began to be stretched a second time. The mitosis.
chromatin again failed to separate, and all the chromatin The failure of chromosome segregation in airwas encompassed by a single nuclear membrane that 2(or207ts) mutant embryos could be caused by illicit then migrated toward the male pronucleus. Thus, al-(kinetochore independent) chromatin-microtubule interthough the meiotic cell cycle appears to proceed noractions which might ordinarily be inhibited by the ABI mally in the absence of AIR-2, segregation of chromocomplex. To investigate this possibility, we asked whether somes fails altogether. chromatin-microtubule interactions occur in embryos depleted of both AIR-2 and HCP-3; HCP-3 is the most AIR-2, ICP-1, BIR-1, and Two Phosphoepitopes upstream component known of the nematode kinetoon Histone H3, S10 and S28, Localize to chore. We found no evidence for chromatin-microtubule Distinct Regions of Bivalents in Meiosis I interactions in either hcp-3(RNAi) embryos, as shown During late diakinesis and metaphase I, the bivalents (the highly condensed pairs of homologs) exhibit a repreviously [34] . Likewise, no chromatin-microtubule in- During metaphase II, phosH3(S10) labels the entire chromosome (H). Localization of REC-8 and phosH3(S10) on individual bivalents from a wild-type oocyte reveals that phosH3(S10) is localized to the chromosome region distal to the chiasma, where cohesion must be released during the first meiotic division (I). In rec-8(RNAi) oocytes, AIR-2 does not localize to the univalents (J), although the univalents are labeled with phosH3(S10) (K). In spo-11(ok79) oocytes, AIR-2 is associated with some but not all of the univalents (L). Drawings depict the arrangement of the chromatids (light and dark blue), cohesion (purple and red), and the distribution of the ABI complex (red). strate of AIR-2, phosphorylated serine 10 of histone H3 tion, and the distribution of AIR-2 and phosphorylated histone, phosH3(S10), was assessed. In wild-type oo-( Figures 6F and 6G) , as well as phosphorylated serine 28 ( Figure 6E ) mirrors the distribution of the ABI complex. In cytes, depletion of AIR-2 abolishes phosH3(S10) signal, as previously described [15] . In contrast, depletion of meiosis II, phosH3(S10) is widely distributed on the sister chromatid pairs ( Figure 6H) . GLC-7␣,␤ caused a dramatic increase in phosH3(S10) labeling ( Figure 7A ). Interestingly, although the meiotic We next investigated how the distribution of these antigens in diakinesis relates to the position of the crossbivalents in glc-7(RNAi) oocytes are completely labeled with phosH3(S10), there was little effect on the distribuover. Bivalents were costained with antibodies against REC-8 and phosH3(S10). REC-8, a cohesin subunit, is tion of the AIR-2 kinase. Depletion of both AIR-2 and GLC-7 reduces but does not eliminate the phosH3(S10), a marker for sister chromatid cohesion. There is usually one crossover event per bivalent, and this generally raising the possibility that other kinases may contribute to histone H3 phosphorylation when GLC-7 activity is occurs in the distal regions of the chromosomes. The center of the cross pattern labeled with REC-8 antibodsuppressed. We next followed the behavior of GFP-labeled chroies corresponds to the position of the chiasma. The phosH3(S10) labeling colocalizes with the region of the mosomes during meiosis I in fertilized oocytes depleted of GLC-7␣,␤ by RNAi. The arrangement of chromosomes bivalent distal to the chiasma ( Figure 6I ). To determine if localized distribution of AIR-2 was dependent upon at metaphase I was normal in oocytes from glc-7(RNAi) animals. However, during anaphase I, the bivalents synhomolog pairing, two mutant backgrounds were analyzed. In the first, the meiosis-specific cohesin subunit chronously dissociated into numerous individual chromatids rather than the splitting into two sets of six pairs REC-8 was depleted by RNAi. Under these conditions, sister chromatids become separated from each other, of sister chromatids ( Figure 7B ). To establish that inappropriate separation of chromatids occurred, high-resoand homologous chromosomes do not pair [36] . In the absence of REC-8, no discrete AIR-2 staining of chromolution Z series of anaphase I oocytes were acquired to allow accurate determination of chromatid number. In somes could be observed in oocytes at diakinesis (Figure 6J) . Surprisingly, sister chromatids in rec-8(RNAi) three time series analyzed in this manner, we were able to count a minimum of 17 (maximum of 21) individual oocytes stain strongly with phosH3(S10) antibodies (Figure 6K) . As a second route to test if the localized AIR-2 GFP-positive bodies, clearly more than the maximum of 12 if no inappropriate splitting had occurred ( Figure 7C ). reflected the position of the crossover, we used a mutant strain lacking the SPO-11 endonuclease which is reTo establish that the effect of GLC-7 depletion was mediated by increased levels of AIR-2 kinase activity and quired to create the double-strand break for meiotic recombination. In C. elegans, SPO-11 is required for not another kinase, we simultaneously depleted both AIR-2 and GLC-7 and observed an intermediate phenorecombination but not for homolog synapsis [37] . In spo-11(ok79) mutant oocytes, homologs stay together until type [5/6 oocytes, 1 oocyte displayed the air-2(RNAi) phenotype; data not shown]. Inactivation of this phosthe end of pachytene, but, in diakinesis, 12 individual phatase indeed had the opposite effect to that of inactichromosomes, univalents, are observed. When these vation of the kinase; notably, in the absence of GLC-7 oocytes were stained with anti-AIR-2 antibodies, AIR-2 phosphatase, sister chromatid segregation occurred was found to associate nonuniformly with only a subset prematurely, whereas, in the absence of the kinase, of chromosomes ( Figure 6L ). Taken together, these exchromosome segregation failed to occur. periments suggest that AIR-2 is localized to the region The precocious separation of sister chromatids during distal to the single chiasma. Interestingly, this is the meiosis I in glc-7(RNAi) embryos could reflect an unregprecise region of the chromosome where cohesin has ulated dissolution of cohesin throughout the bivalent, to be resolved to allow homologs to separate in meiosis or it could reflect a nonphysiological route to the same I. One simple model is that AIR-2 may, directly or indiend. We therefore asked whether separase, SEP-1, is rectly, phosphorylate a substrate, perhaps REC-8, that required for the premature separation of sister chromaallows cohesion to be resolved at this location.
tids observed in glc-7(RNAi) embryos. We simultaneously depleted GLC-7 and SEP-1 by RNAi. In embryos glc-7(RNAi) Causes Premature Separation lacking SEP-1, chromosome segregation is significantly of Sister Chromatids in Meiosis delayed, and in most embryos segregation is not obIf AIR-2 were to regulate the dissociation of homologs by served [38] . In embryos depleted of both GLC-7 and phosphorylating a given substrate and thereby allowing SEP-1 activity, during the first meiotic division, chromaloss of cohesion, one would predict that if this substrate tid separation was also greatly inhibited ( Figure 7D ). could be induced to be phosphorylated more widely, After a 20 min delay (also observed in embryos depleted then not only might homologs separate during the first of SEP-1 alone), the chromatin becomes somewhat dismeiotic division, but sisters might also separate. While persed, and individual chromosomes could occasionally in C. elegans it is not feasible to overproduce AIR-2 and be observed, but they never fully separate from the reits associated subunits in oocytes, recent studies have mainder of the chromatin as is the case when GLC-7 indicated that in both yeast and C. elegans the protein alone is depleted ( Figure 7C ). These data suggest that phosphatase PP1, GLC-7␣,␤ in C. elegans, acts antagothe precocious separation of sister chromatids in GLC-7-nistically to AIR-2, at least with respect to the AIR-2 depleted embryos is dependent on SEP-1 activity. substrate histone H3 [15]. Thus, as an alternative to hyperactivating AIR-2, we sought to promote the phosDiscussion phorylation of AIR-2 substrates by inactivating this phosphatase. AIR-2 and GLC-7 catalytic subunits were
The fundamental difference between meiotic divisions and mitotic divisions is the fact that meiosis separates depleted using RNAi, either individually or in combina- nonidentical objects and generates diversity, whereas appear to be dramatic differences between the manners in which AIR-2 promotes these processes. mitosis separates identical objects and generates clonal expansion. Given the combined importance of genetic diversity and high-fidelity chromosome transmission,
The Mitotic Role of AIR-2 During mitosis, AIR-2 promotes the association of coneukaryotic cells have sophisticated mechanisms that mediate both of these events. In this paper, we have densin with chromosomes. Since depletion of condensin subunits does not mimic the chromosome segreshown that the aurora B kinase, AIR-2, is required for both mitotic and meiotic chromosome segregation in the gation phenotype caused by inactivation of AIR-2, AIR-2 must serve additional function(s). Cytological analysis early C. elegans embryo. Surprisingly, however, there suggests that resolution/organization of kinetochores into pairs of oriented lateral elements occurs, albeit with a slight delay, in AIR-2-depleted embryos. In prometaphase, chromosomes with resolved kinetochores containing a variety of kinetochore antigens, including HCP-3, HCP-4, and MCAK, are observed. However, these chromosomes fail to congress properly, and they fail to segregate during mitosis, though they elongate on the mitotic spindle. This chromosome elongation requires interactions between microtubules and kinetochore, and, during anaphase, cohesion between sister chromatids is resolved. Given these results, we suggest that in the absence of AIR-2 activity each chromatid becomes attached to both spindle poles, assuming a so-called merotelic configuration, and therefore chromosome segregation is inhibited.
In budding yeast, chromosome segregation also requires an aurora family kinase, Ipl1p. Cells lacking Ipl1p activity or Sli15p (the yeast Incenp homolog) activity exhibit massive defects in chromosome segregation [16, 39] . Unlike the situation in C. elegans, the hallmark of this mutant phenotype is the segregation of both sister chromatids to a single pole. Chromosomes marked at defined loci have been used to show that, in ipl1ts mutant cells, both separation of sister chromatids and dissociation of the cohesin complex occur with normal or near normal kinetics [17, 20] . One explanation for these findings is that Ipl1p may be required for kinetochore assembly or function, a speculation that is supported suggest that AIR-2 must detect tension exerted across In C. elegans, AIR-2 may perform a similar function a pair of sister chromatids rather than simply the presto that described in budding yeast, albeit with a different ence of tension at a kinetochore. Merotelic attachments morphological endpoint. C. elegans chromosomes are could generate tension at kinetochores on a single chroholocentric with multiple microtubule attachment sites matid, but, in wild-type embryos, this configuration is along the length of the chromosome. This structure must apparently not stable ( Figure 8A ). We speculate therebe organized so that each attachment site on a sister fore that tension must be exerted on the structure bechromatid is engaged by microtubules emanating from tween sister kinetochores, which is precisely where the a single spindle pole, to prevent attachment of a single ABI complex is localized. Importantly, merotelic attachchromatid to both spindle poles (merotelic configuraments are a significant cause of chromosome loss in tion). Once a chromatid is oriented toward a spindle mammalian cells [41] . pole, steric constraints would likely inhibit attachment of this chromatid to the other spindle pole. However, Chromosome Condensation Is Mediated by before chromatid orientation occurs, there seems to be Condensin and at Least One Other Pathway no obvious mechanism that inhibits improper attachTo investigate the possible significance of the AIR-2-ments ( Figure 8A ). One possibility is that, as in budding yeast, AIR-2 destabilizes kinetochore-microtubule interdependent recruitment of condensin to chromatin, we analyzed the consequences of loss of condensin using distal to the recombination event and why GLC-7 activity appears to predominate elsewhere. The meiotic function RNAi to deplete the core SMC subunits, either alone or in combination. Since the condensin complex has not of AIR-2 contrasts sharply with its mitotic function, where it is dispensable for resolution of sister chromatid been biochemically analyzed and since the associated subunits of this complex are not well conserved in nemacohesion. The fact that the air-2(or207ts) allele exhibits penetrant defects in mitotic divisions yet no defects todes, we focused on the core SMC subunits, which are orthologs of SMC2 and SMC4 in other organisms. This during meiosis provides additional evidence for mechanistic differences in AIR-2 function during mitosis and live cell analysis demonstrates that condensin has a role in chromosome condensation in C. elegans. Moreover, meiosis. Although AIR-2 is required for proper congression of we show that condensin largely performs this function prior to NEBD. Condensin-dependent compaction of mitotic chromosomes to the metaphase plate, it is not required for this process during meiosis. However, there chromosomes during prophase is not accompanied by a striking recruitment of MIX-1 to chromatin. The failure are significant differences in the organization of mitotic and meiotic kinetochores in C. elegans. Whereas mitotic to detect condensin may indicate that this compaction is mediated by limited amounts of the condensin complex, chromosomes are holocentric, meiotic chromosomes are functionally monocentric in both meiotic divisions. analogous to the small amounts of the cohesin complex that mediates sister chromatid cohesion during metaThe kinetic end of the chromosome is not predetermined, rather it is thought to be positioned at the end phase in animal cells [42] .
There are multiple condensin-related complexes in most distant from the crossover ( Figure 8B ). The other end adopts the function of the centromere at meiosis II early C. elegans embryos. In addition to the condensin complex, whose associated subunits have not yet been [35] . Several organisms that have holocentric mitotic chromosomes have functionally monocentric meiotic defined, embryos also contain the dosage compensation complex that also has two SMC proteins as core compochromosomes, including a variety of nematodes and arthropods [43] [44] [45] . Recent ultrastructural studies have nents. MIX-1 is present in both the condensin complex and the dosage compensation complex, whereas revealed a common appearance of the kinetic faces of chromosomes during meiosis and mitosis in C. elegans DPY-27 (a SMC-4-related protein) and DPY-26 (a protein with limited homology to Dm Barren) are solely involved [46] . However, earlier studies using different methods demonstrated a distinct kinetochore structure at the in dosage compensation [27, 28] . Localization of MIX-1 to mitotic chromatin is independent of DPY-26, yet its ultrastructural level during mitosis, yet, during meiosis, microtubules appear to insert directly into chromatin localization to X chromosomes in hermaphrodites is DPY-26 dependent [28] . The existence of multiple [47] . Functional evidence also indicates differences between mitotic and meiotic kinetochores in C. elegans, modes of MIX-1 binding to chromatin is compatible with the finding that condensin appears to have both AIR-2-since some factors that are critical for mitotic chromosome segregation are not critical for meiotic chromoindependent and AIR-2-dependent interactions with chromatin. some segregation. As shown here, the condensin complex does not appear to be required for meiosis, Surprisingly, condensin function prior to NEBD is AIR-2 independent, even though the mitotic recruitment although it is essential for mitosis. Similarly, HCP-3 (the CENP-A homolog) and HCP-4 (the CENP-C homolog) of condensin to chromatin is AIR-2 dependent. We currently lack the tools to test if the mitotic accumulation are essential during mitotic chromosome segregation but only exhibit weak meiotic phenotypes [33, 34] . Alof condensin is of physiological significance. Importantly, we also observed that chromatin condensation though HCP-3 is present on the entire bivalent at diakinesis/metaphase I [46] , this localization does not necesoccurs after NEBD in condensin-depleted embryos. While it is possible that residual condensin remains after sarily imply that it is functional, since, in mammalian cells, ectopic localization of CENP-A is insufficient to RNAi depletion and mediates this condensation, this seems unlikely, since depletion of either subunit alone generate a functional kinetochore [48] . During meiosis, AIR-2 marks the region of the chromoor both together caused the same fully penetrant phenotype. It appears more likely that condensin-independent some in which cohesion is lost during the first meiotic division. This region is defined by the position of the pathways contribute to chromosome condensation.
crossover that occurs during the pachytene stage. In C. elegans, usually one crossover event occurs per chroThe Meiotic Role of AIR-2 mosome, regardless of the length of the chromosome or Several lines of evidence suggest that AIR-2 kinase acthe length of recombinogenic region [49] . Interestingly, tivity promotes resolution of sister chromatid cohesion several organisms that are holocentric during mitosis during meiosis I. This includes the remarkable concorand functionally monocentric during meiosis share the dance between AIR-2 localization and the sites where additional property that only one crossover usually ocsister chromatid cohesion is lost. In addition, a phosphacurs per bivalent [43, 49] . One consequence of the single tase, GLC7, that is antagonistic to AIR-2 is required to crossover event is that there is a single discrete region prevent precocious separation of bivalents into chromaon each bivalent in which sister chromatid cohesion tids. While the mechanism that targets AIR-2 to this must be released to allow homologs to separate at meiodiscrete site is not yet clear, AIR-2 localization in diakinesis I ( Figure 8B ). This is in stark contrast to the situation sis is strictly dependent upon the presence of sister in organisms with multiple crossover events in which chromatid cohesion, and its discrete localization resister chromatid cohesion must be released in several quires recombination between homologs. It will be imnoncontiguous regions to allow homologs to separate. In principle, separation of homologs in meiosis I could portant to decipher why AIR-2 localizes to the region scopes. Time-lapse analysis was performed with a 100ϫ/1.3 objective lens (Zeiss), a CoolSnap Fx CCD (Roper Scientific) camera, and a piezoelectric device (Physik Instruments) was used for rapid RNA Interference Fragments of 350-1200 bp of DNA corresponding to coding regions acquisition of multiple Z planes. To film air-2(or207ts), an objective heater was used to maintain the sample at 26ЊC, which is necessary of mix-1, the C. elegans ortholog of smc-4 (F35G12.8), glc-7␣, glc-7␤, and air-2 were PCR amplified and cloned into pGEM-T (Profor a fully penetrant phenotype. Image processing was performed with the following software packages: MetaMorph, Image J, and mega). RNA was transcribed from both strands (Ambion), annealed, and injected into the gonads of hermaphrodites as described [51] .
Adobe PhotoShop. To quantitate the chromosome segregation behavior in wild-type, RNA was injected at 150-600 ng/l; embryos were analyzed 15-24 hr after injection. sep-1(RNAi) was performed as described [38] . For air-2(or207ts), and mix-1(RNAi) embryos, frames from time-lapse recordings immediately prior to chromosome decondensation were feeding dsRNA, fragments of air-2, mix-1, and smc-4 were cloned into the vector L4440, transformed into HT115, and L3/L4 larvae analyzed by measuring the intensity of GFP-labeled chromatin along a line parallel to the spindle axis. These data were normalized to were fed bacteria expressing the respective dsRNA for 48 
